We investigated the effects of topically ad ministered catecholamines and acetylcholine (ACh) on the cerebrocortical microcirculation and NAD/NADH redox state in chloralose-anesthetized cats. NADH fluo rescence of the brain cortex and the volume of small in tracortical vessels were measured by fluororeflectometry, and in most of the experiments the pial vessels were photographed simultaneously through a cranial window. Cerebrocortical vascular volume (CVV) and the diameter of the pial vessels were decreased, and NADH was oxidized by concentrations of epinephrine and norepi nephrine as low as 3 x 10-8 M. Pial veins constricted approximately twice as much as pial arteries. ACh dila tated pial arteries, slightly constricted pial veins, and in creased CVV, but had no effect on the NAD/NADH redox state. Since pial and intracortical vessels were conThe dual sympathetic and parasympathetic in nervation of cerebral vessels is well recognized, and it has also been proved that cerebral vessels contain both adrenergic and cholinergic receptors (Ku schinsky and Wahl, 1975; Edvinsson and Owman, 1977; Auer et aI., 1981; Harik et ai., 1981; Ulrich et aI., 1982). In spite of this, the role of the autonomic nervous system and its humoral mediators in the regulation of cere bro vascular volume (CVV) and cerebral blood flow (CBF) is still a matter of controversy (Kuschinsky and Wahl, 1975; Kontos, 
stricted markedly by catecholamines, and since these vascular reactions appeared at a lower concentration than is presumed to occur in the synaptic cleft, our results support the regulating role of these substances in cerebral circulation. NADH oxidation, obtained with catechol amines, was interpreted to be due to enhanced tissue res piration. The finding that ACh dilatated pial arteries and increased CVV, but failed to influence the NAD/NADH redox state, might indicate that the brain cortices of nor mal animals are bioenergetically nonhypoxic. If cortical microregions where the oxygen tension is close to zero were biochemically hypoxic, NADH oxidation should have occurred during ACh administration. Key Words: Acetylcholine-Catecholamines-Cerebrocortical vas cular volume-Critical oxygen tension-NAD/NADH redox state-Pial arteries and veins. autoregulatory adjustment of CVV (D6ra and Kovach, 1982) , the autoregulatory capability of pial arteries was lost when the enzyme dopamine-f3-hydroxylase was inhibited, or when 5-hydroxy dopamine (a false neurotransmitter) was adminis tered (Gotoh et aI., 1981) . Some of the investigators found marked pial vasoconstriction, an increase in cerebrovascular resistance (CVR), and a decrease in CBF during stimulation of the cervical sympa thetic chain and carotid chemoreceptors (D' Alecy and Feigl, 1972; Kuschinsky and Wahl, 1975; Vat ner et aI., 1980; Auer et aI., 1981) . Others demon strated little or no change in these variables under similar experimental conditions (Raper et aI., 1972; Wei et aI., 1975; Barber et aI., 1978; Traytsman and Fitzgerald, 1981) . The same controversy holds true for catecholamines when they are administered topically onto the brain cortex, directly into the vessels of isolated brain, or into the systemic circu lation of intact animals (Raper et al., 1972; Wahl et aI., 1972; Wei et aI., 1975; Muravchick and Ber gofsky, 1976; Berntman et aI., 1978; McCalden et aI., 1979; Edvinsson et aI., 1981; Ulrich et aI., 1982) .
Some of these discrepancies in the literature can be attributed to species differences (Heistad et aI., 1978) . However, there could be other factors of im portance. Heistad et aI. (1978) suggested that the cerebral vessels of cats are less sensitive to sympa thetic stimulation than are the vessels of other species. In contrast to this, the isolated cerebral vessels of cats constricted more markedly in re sponse to catecholamines than did the cerebral ves sels of dogs and other species (Toda, 1977) .
Considering the inconsistencies in the available data, and the fact that catecholamines and acetyl choline (A Ch) affect the circulation of the in vivo brain only at concentrations higher than those nor mally found in the body, the reinvestigation of the efficacy of epinephrine (E ), norepinephrine (NE), and ACh in altering cerebrocortical circulation seemed to be relevant. In order to study the effect of these substances on the various segments of cerebrocortical vessels, the volume of the small pial and intracortical vessels was measured by reflec tometry (in the optically monitored cortical field, the diameter of the visible pial vessels was <50 /-Lm), and the alterations of the diameter of larger pial vessels (outer diameter, ;:: 100 /-Lm) were as sessed from photographs of the brain cortex taken simultaneously. Since there are no data about the direct effect of these neurotransmitters on cere brocortical metabolism, the NADH fluorescence of the locally treated brain cortex was also measured.
The other question we tried to answer was whether those cortical microregions where oxygen tension is <4 mm Hg (Metzger and Heuber, 1977) are biochemically hypoxic. It was expected that if the brain cortices of normal animals are supplied with oxygen at a level of slight hypoxia (Rosenthal et aI., 1976) , topically administered ACh will induce NADH oxidation. To answer this question, the ACh-elicited vasodilatation seemed to be an appro priate experimental model, since ACh enhances CBF and, hence, cerebral oxygen supply, but does not alter cerebral oxygen consumption (Heistad et aI., 1980) .
METHODS
The experiments were performed on 25 cats weighing 2.5-3.5 kg, which were anesthetized with 40-50 mglkg a-o-glucochloralose, immobilized with 5 mg/kg gallamine triethiodide (Flaxedil®), and respired artificially with a Harvard respirator (no. 671). The volume and rate of res piration were controlled in order to maintain arterial P02 and Pco2 at � 100 and � 32 mm Hg, respectively. Arterial pH kept at 7.35-7.40. When it fell below this range, an appropriate amount of sodium bicarbonate solution (2.5%) was infused into the femoral vein. The trachea, femoral arteries and veins, and one of the lingual arteries were cannulated (Dora and Kovach, 1981) .
The heads of the animals were mounted in stereotaxic stands, and the skin and muscles were removed from both sides of the skull. For the cranial window, a 12-mm di ameter hole was drilled into the left parietal bone, and the dura was excised (Dora and Kovach, 1981 Kovach, , 1982 . The electrical activity of the exposed brain cortex and the other hemisphere, and the intracranial pressure were measured as described previously (Dora and Kovach, 1982; Kovach et aI., 1983) . The cranial window, which was used for topical administration of drugs and the opti cal monitoring of cortical microcirculation and NADH fluorescence, has also been described before (Kovach et aI., 1982) .
The artificial cerebrospinal fluid (CSF) of Wahl and Kuschinsky (1976) was used to superfuse the brain cortex and to dissolve drugs. The freshly prepared mock CSF was thermostated at 38°C and bubbled with 5% CO2 bal anced in nitrogen gas. The P02 and Pc02 tensions of mock CSF were � 30 and �40 mm Hg, respectively. The tem perature of the perfusate when it reached the brain was approximately 37°C. To minimize the auto-oxidation of NE and make accurate dilutions, we drew E, NE, and ACh from the original ampule with Hamilton micro syringes and injected them into 20-cc glass syringes containing mock CSF. Following this, the superfusion of the brain cortex with these drugs was started immedi ately. The pH of the mock CSF and that of the drug containing CSF were identical.
CVV and NADH fluorescence were measured through the cranial window by a microscope fluororeflectometer, as described previously (Dora and Kovach, 1981 Kovach, , 1982 . The brain cortex was excited with 366-nm light, and the emitted NADH fluorescence (450 nm) and reflected light (366 nm) were measured by photomultipliers with appro priate optical filters. The reflected light was used to fol low the changes of the volume of small intracortical ves sels. An increase in cortical blood content (vasodilata tion) decreased the intensity of reflected light, and the intensity increased when the cerebral blood content was decreased (hemodilution, vasoconstriction) (Harbig et aI., 1976; Eke et aI., 1979; Dora and Kovach, 1981, 1982) . The artifactual alterations of NADH fluorescence caused by the changes of tissue blood content were eliminated by the correction method of Harbig et ai. (1976) . Simulta neously with the fluororeflectometric measurements, the brain cortex was photographed with a Zeiss camera. Changes in pial vessel diameter were evaluated from magnified photographs (40 x) measured with a caliper.
The arterial blood gases and hemoglobin concentra tion, as well as Po2, Pco2, and the pH of CSF were measured by an ABL-l analyzer (Radiometer). The rectal temperature of the animals was maintained at 37°C by an infralamp and a temperature regulator (73/ A, Yellow spring). The following parameters were recorded routinely (8-channel Grass polygraph): uncorrected and corrected N AD H fl uorescence, reflectance, electrocorticograms, arterial blood pressure, and intracranial pressure (Statham P 23/d electromanometers).
Experimental procedures and analysis of data
The effects of topically administered catecholamines [epinephrine tartrate, norepinephrine bitartrate; Ko-banyai Gyogyszerarugyar, Hungary, and Breon La boratories, U.S.A.) and ACh (acetylcholine chloride; VEB Berlin-Chemie, D. D. R. ) (all drugs dissolved in isotonic sodium chloride), were studied in separate series of experiments. Since the vascular effect of E and NE developed relatively slowly, the superfusion with these substances was maintained for at least 4 min. A superfu sion period of �2 min was used for ACh because its effect reached saturation during this period of time; when it was applied for a longer period, the CVV tended to remain increased, even when ACh was washed out from the perfused space with mock CSF. Depending on the recov ery from the drug-induced vascular reactions following the replacement of drug-containing CSF with mock CSF, the superfusion of the brain cortex with mock CSF was maintained for 2-25 min. The specificity of the effect of catecholamines and ACh on pial and intracortical vessels was checked by intravenously administered phenoxyben zamine (PBZ, 5 mg/kg; Smith Kline and French, U. S. A. ) and topically applied atropine (atropine sulphate; Kobanyai Gyogyszerarugyar, Hungary). The effect of PBZ in lowering blood pressure was counteracted by in fusing an appropriate amount of blood into the femoral artery (Dora and Kovach, 1982) .
The results are expressed as means ± SE. Statistical analysis of the data was performed according to the method of Wallenstein et al. (1980) . The catecholamine and ACh-evoked CVV and redox state responses were evaluated by comparing them to the values of reflectance and corrected NADH fluorescence obtained with mock CSF superfusion. Since 3D-min superfusion of the brain cortex with mock CSF does not alter these cortical pa rameters, and since the solvent of these drugs had no effect, the reference values of reflectance and corrected NADH fluorescence were regarded as 0%.
RESULTS
E and NE had similar effects on CVV, NAD/ NADH redox state, and the diameter of large pial arteries and veins (Figs. 1-4 , Table 1 ). In the con centration range of 3 x lO-L 7.5 X 10-7 M, they caused a dose-dependent decrease in CVV, and shifted the NAD/NADH redox state toward oxida tion ( Figs. 1 and 2) . When the concentration of catecholamines was increased from 7.5 X 10-7 to 3.75 X 10-6 M, no further significant changes were obtained in these cortical parameters. NE (7.5 x 10-7 M) decreased CVV and NAD reduction by 7.6 ± 0.8% and 7.6 ± 0.8%, respectively. These are .... .. . The vasoconstrictive effect of catecholamines was specific, since after pretreatment with 5 mg/kg PBZ they exerted no effect on CVV (Fig. 4) . Assuming that the NE concentration in the ex tracellular space (in close contact with sympathetic nerve terminals) is on the order of 10-6 M (Owman and Edvinsson, 1978) , on the basis of our data and the literature (Wahl et aI., 1972; Kuschinsky and Wahl, 1975; Auer et aI., 1981; Edvinsson et aI., 1981; Ulrich et aI., 1982) , a significant role of the sympathetic nervous system in the regulation of CVR and CBF seems to be established.
In contrast, Raper et al. (1972) and Wei et al. (1975) , using a window and superfusion technique Data are means ± SO. n, number of vessels evaluated in four experiments.
Significant changes in caliber of vessels: a, p < 0.01; b, P < 0.001. mainly in the differences of anesthesia. Our experi ments were performed on chloralose-anesthetized cats. Raper et al. (1972) Berntman et al. (1978) showed that prolonged infusion of catecholamines into the systemic circu lation elevated cerebral oxygen consumption.
However, from our data it is difficult to tell whether and to what extent catecholamine-elicited NA DH oxidation is due to ADP-stimulated and/or partially uncoupled respiration (NADH is oxidized in both cases).
It is well recognized that the brain cortex is het erogeneously perfused with oxygen (Davies and Bronk, 1957; Metzger and Heuber, 1977) . At the penetration depth of 366 nm-exciting light (�500 /Lm), the oxygen tension of the brain cortex, mea sured with gold microelectrodes, varies from 0 to 60 mm Hg, with a mean value of �30 mm Hg (Metzger and Heuber, 1977) . Davies and Bronk (1957) , using surface oxygen electrodes, suggested that if oxygen tension decreased to <4-5 mm Hg, cortical oxygen consumption declines. Later, Rosenthal et al. (1976) reported that mitochondrial cytochrome a in the intact brain cortex is reduced when oxygen in the respired gas mixture is diminished from 50 to 20%.
They concluded that the blood supply of the cere bral cortices of normal animals is regulated at mild hypoxia. In contrast, Chance et al. (1973) demonstrated that the respiration of isolated mito chondria is not diminished until the oxygen tension is decreased to <0.1 mm Hg. In our experiments, although ACh dilatated pial arteries and increased CVV, NADH oxidation was not altered significantly. Similar results were ob tained in another study with organic calcium an tagonists (Kovach et al., 1983) , which are more potent vasodilatators than ACh. Since under these circumstances CPP remains constant, it can be pre sumed that CBF and cerebrocortical oxygen supply are elevated (Meier and Zierler, 1954) . Therefore, the lack of NADH oxidation during topical admin istration of vasodilatator substances should indicate that the brain cortices of normal animals are bioenergetically nonhypoxic.
